INTRODUCTION
vertebrate development requires the progressive differentiation of stem cells into all the tissues that make up the whole animal. This is accompanied by many consecutive lineage choices at branch points where cells choose alternate fates. Cellular differentiation is typically accompanied by the activation of a new program of gene expression dictated by the activation of lineage-defining transcription factor genes. Cells also have the capacity to express inducible transcription factors that enable responses to specific extra-cellular signals. These responses are initiated by a wide variety surface receptors that allow cells to respond to regulatory molecules controlling cell growth, differentiation and survival, or to signals that trigger specific reactions such as immune responses. In this review I will focus primarily on (a) T Cell Receptor (TCR) signals that not only induce immune response genes but also prime them for subsequent responses [1] , and (b) The receptor FLT3 which maintains myeloid progenitor cells and is frequently mutated in Acute Myeloid Leukemia (AML) [2] . In both cases I will describe how receptor activation opens up newly accessible regions of chromatin and enables the binding of pre-existing factors such as RUnX1 that cannot otherwise bind to these sites when they are occupied by nucleosomes.
CHROMATIN REMODELING DIRECTED BY INDUCIBLE FACTORS
The vast bulk of the genome is occupied by regularly spaced nucleosomes that assemble as highly condensed chromatin fibers. Most nucleosomes comprise 1 46 bp of DnA wrapped around a histone protein octamer made up of two molecules each of histones H2A, H2B, H3 and H4 [3] . nucleosomes within chromatin are on average spaced ~ 185 to 195 bp apart and typically exist as a highly compacted fiber which at the lowest level of compaction is ~ 30 nm in diameter. Significantly, much of the DnA occupied by nucleosomes is inaccessible to many transcription factors (TF) under normal conditions. Tightly regulated transcriptional enhancers (such as the GM-CSF enhancer [4] ) are often encom-*To whom all correspondence should be addressed: Peter N. Cockerill, E-mail: p.n.cockerill@bham.ac.uk. †Abbreviations: AML, Acute myeloid leukemia; AP-1, Activator Protein 1; bp, base pairs; ChIP, Chromatin immune-precipitation; DHS, DNase I Hypersensitive Site; GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor; ITD, Internal Tandem Duplication; Kb, Kilobases; MAPK, Mitogen Activated Protein Kinase; NFAT, Nuclear Factor of Activated T cells; PKC, Protein Kinase C; TCR, T cell Receptor; TF, Transcription factor. Keywords: Transcription, epigenetics, immunological memory, leukemia
MInI-RevIew
Gene expression programs are largely regulated by the tissue-specific expression of lineage-defining transcription factors or by the inducible expression of transcription factors in response to specific stimuli. Here I will review our own work over the last 20 years to show how specific activation signals also lead to the wide-spread re-distribution of pre-existing constitutive transcription factors to sites undergoing chromatin reorganization. I will summarize studies showing that activation of kinase signaling pathways creates open chromatin regions that recruit pre-existing factors which were previously unable to bind to closed chromatin. As models I will draw upon genes activated or primed by receptor signaling in memory T cells, and genes activated by cytokine receptor mutations in acute myeloid leukemia. I also summarize a hit-and-run model of stable epigenetic reprograming in memory T cells, mediated by transient Activator Protein 1 (AP-1 †) binding, which enables the accelerated activation of inducible enhancers.
passed by nucleosomes, and are dependent upon the activation of specific TFs that recruit remodelers which either disrupt or reposition nucleosomes [5, 6] . The mechanisms regulating this process involve a wide variety of histone modifying enzymes and chromatin remodelers and these have been described in detail previously [3, 5, [7] [8] [9] [10] .
INDUCIBLE DISRUPTION OF NUCLEOSOMES BY TCR-INDUCIBLE FACTORS
Inducible genes for cytokines such as IL-2, IL-3 and GM-CSF are activated in T cells primarily in response to TCR signaling to the nFAT, AP-1, and nF-κB families of inducible TFs ( Figure 1A ) [11, 12] . nFAT represents a major target of Ca 2+ signaling and AP-1 and nF-κB represent major targets of kinase signaling pathways, such as PKC and MAPK [12] [13] [14] [15] . we have used the human GM-CSF locus extensively as a model for studying mechanisms of locus activation by TCR signaling. we demonstrated that the GM-CSF gene is regulated by a highly inducible enhancer 3 kb upstream of the gene which encompasses two essential composite nFAT/AP-1 elements and rapidly forms an inducible DnaseI Hypersensitive Site (DHS) via mechanisms dependent on both nFAT and AP-1 [4, [16] [17] [18] . The activation of this enhancer involves the displacement of two positioned nucleosomes Shown underneath are TF motifs that were found to be enriched in a population of ~1000 DHSs that are specifically enriched in AML carrying FLT-ITD mutations [2] .
that normally occupy most of the known TF binding sites within the enhancer ( Figure 1B ) [4] . These sites include binding sites for the constitutively expressed factors Sp1 and RUnX1 [18, 19] . Significantly, we used in vivo footprinting to show that these pre-existing TFs can only occupy the enhancer in T cells and mast cells after the DHS has been induced by nFAT and AP-1 [4, 20] . This is consistent with a model whereby the binding of TFs to their recognition sequences is in many cases tightly controlled at the level of chromatin accessibility. Genome-wide studies of inducible regulatory elements further confirmed the general principle whereby there is global redistribution of the binding of constitutively expressed TFs to inducible DHSs in T cells in response to TCR signaling [1] . RUnX1 chromatin immunoprecipitation (ChIP-Seq) analyses of inducible DHSs revealed that many of these sites exhibit de novo binding of RUnX1 in parallel with AP-1 in response to stimulation of Ca 2+ and MAPK signaling pathways. Furthermore, binding motifs for RUnX factors are enriched in both inducible and constitutive DHSs in T cells [1] . RUnX1 binding sites were present in 12 percent of the inducible DHSs detected in T cells ( Figure 1A ) [1] . This is consistent with a model whereby inducible activation of transcription is mediated by inducible factors working in close cooperation with constitutively expressed factors.
Others have shown that binding of specific TFs to nucleosomal DnA becomes unfavorable once the site is positioned more than about 20 bp from the DnA exit point on the nucleosome [21] . In the case of the GM-CSF enhancer, the binding sites for Sp1 and RUnX1 are located deep inside the nucleosome [4] , which is why binding to these sites requires nucleosome disruption by other factors. These data are summarized in the model shown in Figure 1B . However, there are exceptions to these general observations such as a group of TFs referred to as pioneer factors. These include the FOX forkhead family of TFs which are specialists at binding to nucleosomal DnA [22] . These TFs function as pioneer factors by mimicking histone H1 and binding to the nucleosomal dyad to open up condensed chromatin fibers. In contrast, AP-1 would appear to be a factor which primarily disrupts nucleosomes within relatively accessible chromatin [1, 4] by recruiting remodelers such as Brg1, and histone modifiers such as CBP [23] [24] [25] . In this context, inducible TFs such as AP-1 function by very different mechanisms than pioneer factors which function at a much higher level of chromatin structure. However, when a DHS is drawn to scale, as in Figure 1B , it reveals the extent to which DnA is made accessible (i.e. hypersensitive) by the unraveling of nucleosomes. In this example, the unraveling of two nucleosomes is expected to free up ~ 400 bp of DnA which is equivalent to ~ 15 nucleosome diameters [3] .
RECEPTOR MUTATIONS IN LEUKEMIA LEAD TO REDISTRIBUTION OF CONSTITUTIVE TFS
Acute Myeloid Leukemia (AML) provides another context whereby activation of receptor signaling leads to the de novo binding of both inducible and constitutive factors. FLT3 is a cytokine receptor that is frequently mutated via internal tandem duplications (ITD), leading to constitutive activation of multiple signaling pathways, including MAPK ( Figure 1C ) [26] [27] [28] . Genome-wide analyses of DHSs (Dnase-Seq) of AML samples carrying different mutations revealed the existence of a subset of over a thousand DHSs specifically enriched in FLT3-ITDpositive AML [2] . This subset of FLT3-ITD-specific DHSs was also highly enriched for binding sites for constitutively expressed eTS and RUnX factors in addition to inducible AP-1 factors ( Figure 1C ). RUnX1 ChIP-Seq confirmed that many of these de novo DHSs recruited RUnX1 [2] . These data implied that AP-1 is a major target of FLT3-ITD and are consistent with the above model derived from T cells whereby induction of AP-1 leads to destabilization of nucleosomes and de novo binding of constitutive TFs to sites that were previously inaccessible. As depicted in Figure 1C , it is likely that a similar global redistribution of pre-existing TFs will be also found in leukemia carrying activating mutations in Ras and Raf family members such as Kras G12A, nras G12v and Braf v600e [29, 30] .
TRANSIENT RECEPTOR SIGNALING IN T CELLS LEADS TO STABLE MAINTENANCE OF EPIGENETIC PRIMING AND CONSTITU-TIVE TF BINDING IN MEMORY T CELLS
when naïve T cells are stimulated for the first time they undergo an extensive program of chromatin remodeling that takes place over a period of 24 to 48 hours as they become transformed to rapidly dividing T blast cells [31] (Figure 2A ). Many of the inducible genes expressed by activated effector T cells remain highly unresponsive in naïve T cells until they have completed the process of blast cell transformation [1] . However, these genes can be induced in a few hours in T blast cells, and this property is stably retained in memory T cells which have returned to the quiescent state [1, [32] [33] [34] [35] .
In order to understand the molecular basis of the establishment of immunological memory in T cells, we performed an extensive series of DnA-Seq and ChIP-Seq analyses in naïve T cells, T blast cells, and memory T cells [1] . These studies revealed ~ 3000 DHSs that were first acquired by T blast cells during the transformation process and then stably maintained in memory T cells. Reminiscent of the inducible DHSs and the FLT3-ITD-AML-specific DHSs, these memory T cell-specific DHSs were also enriched for eTS, RUnX1 and AP-1 motifs. However, in this case AP-1 was only bound by these DHSs in direct response to ongoing TCR signaling, whereas eTS-1 and RUnX1 remained stably bound to these sites for many cell cycles after the removal of TCR signaling stimuli ( Figure 2B ). Hence, it appears that even transient activation of AP-1 can lead to the creation of de novo DHSs which are then stably maintained by newly recruited constitutively expressed TFs once the AP-1 stimulus is removed. This simple hit-and-run mechanism provides an elegant mechanisms that can account for both the establishment and the maintenance of immunological memory in T cells ( Figure 2C ). The memory T cell-specific DHSs functioned as locus priming elements by maintaining islands of active chromatin marked by histone H3 K4 me2 and H3 K4 Ac27 modifications in the vicinity of inducible enhancers [1] . This pairing of priming elements, which do not typically have intrinsic enhancer activity of their own, with inducible enhancers has the additional potential to explain (i) why the kinetics of inducible gene activation is so much faster in memory T cells and effector T cells than in naive T cells, and (ii) how chromatin priming can be maintained without also activating steady state levels of transcription.
CONCLUSIONS AND OUTLOOK
It is to be expected that the general principles outlined above will be reiterated in essentially all other model systems whereby inducible factors invoke a specific program of gene expression in response to specific stimuli. what is fascinating is the concept that in some cases the need for a specific factor is transient. Once specific loci have been reprogrammed by one factor, they can in some cases be maintained as open chromatin by additional TFs recruited in response to the first factor. This may also be the case for RUnX1 in the reprogramming of haemopoietic lineage cells [36] .
In the case of memory T cells, we have established that ongoing TCR signaling is not required to maintain regions of active chromatin which were initially reprogrammed by TCR signaling. However, it will be important for future studies to investigate the role of signaling from other types of receptors, such as cytokine and TnF super family receptors (TnFRSF), in the long term reinforcement of epigenetic priming at inducible loci in memory T cells. There is already an indication that this is likely to be the case as immunological memory is deficient in cells lacking TnFRSF4/OX40 [37, 38] or IL-7 [39] .
